Abstract-We experimentally demonstrate an all-optical architecture for the linearization of a phase-modulated interferometrically detected microwave photonic link. We couple off a small part of the phase-modulated signal and combine it with a pump lightwave to produce a comb of idlers in a cascaded four-wave mixing process. The phase-matching requirement of the cascaded process ensures that integer multiples of the original signal's temporal phase modulate each of the idlers. We accomplish the linearization by filtering, scaling, and recombining a subset of the idlers. To the best of our knowledge, this is the first demonstration of a simultaneous third-order, fifth-order, and all even-order distortion free links in either intensity or phase-modulated architectures. We experimentally measure a 108.8-dB SFDR for the conventional link, 116.1 dB for the third-order distortion-free link, and 116.9 dB for the third-order and fifth-order distortion-free links, each in a 1-Hz bandwidth. We show that the experimentally measured SFDR improvement is primarily limited by an increased phase noise on the correction lightwaves. Specifically, we measure a 24.2-dB noise figure for the conventional link, 38.7 dB for the third-order distortion-free link, and 45 dB for the third-order and fifth-order distortion-free links. We discuss the source of this added noise and methods for mitigation in the future work, which could lead to a 134.8-dB SFDR in a 1-Hz bandwidth for a shot noise limited link with ∼1 mA per photodiode.
Analog links require the optimization of a unique set of performance metrics: gain, noise figure, bandwidth, and spurious-free dynamic range (SFDR) [7] . Often, optimization of one link metric comes at the expense of the performance of another. The simplest example of this is the gain-bandwidth tradeoff between phase-modulated and intensity-modulated links [8] . Another is low-biasing to trade higher gain for better noise figure [9] . There are many more tradeoffs detailed in the literature (e.g. chapter 7 of [9] ). In this paper, we demonstrate a novel method for increasing SFDR at a minimal intrinsic cost of gain and noise figure. Though the small reduction in gain is fundamental to this method, the increase in noise figure that we observe is not and can be alleviated by methods that will be discussed in Section IV.
Of the analog link architectures, the simplest and most common is the intensity-modulated directly-detected (IMDD) link. In this architecture, the input microwave signal modulates the intensity of a lightwave via an external Mach-Zehnder modulator (MZM), then travels through an optical fiber span to a photodetector, which recovers the original microwave signal. In phase-modulated interferometrically-detected (ΦMID) architectures, by contrast, the phase of the lightwave is modulated by the microwave signal. The lightwave travels through an optical fiber span to a receiver containing an asymmetric Mach-Zehnder interferometer (a-MZI), which performs the phase to intensity conversion, and then to a balanced photodetector, where the original signal is recovered.
ΦMID links have several distinct advantages over IMDD links including a simpler transmit end that does not require active biasing, which is beneficial when the transmit end is resource limited such as antenna remoting. However, this transmitter simplicity comes at the cost of a more complex receiver. Secondly, ΦMID links have the ability to perform balanced detection without needing to run a dual phase-matched fiber span. Thirdly, electro-optic phase modulation has a high degree of linearity in the phase modulation process. Thus optical signal processing methods have access to nearly distortion-free phase modulated signals because distortion does not enter the link until the interferometric receiver. Finally, ΦMID links offer greater gain, lower noise figure, and higher SFDR at the cost of reduced bandwidth. The detailed performance tradeoffs can be found in [8] .
In both IMDD and ΦMID links, SFDR suffers due to distortion introduced by the nonlinear transfer function that maps input voltage to output voltage resulting from the interferometric Mach-Zehnder devices (MZM and a-MZI, 0733-8724 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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respectively). Link linearization efforts all involve introducing a small amount of nonlinearity that cancels the distortion with ideally minimal impact to signal gain. However, most of these efforts have been directed toward IMDD links due to their greater ubiquity. Various schemes have been proposed for both IMDD and ΦMID links to reduce distortion and generally fall into one of four categories depending on how the cancelling nonlinearity is implemented: analog electronic, digital electronic, electro-optic, and all-optical. In [10] we introduced an all-optical linearization method for phase modulated microwave photonic links. In this method, we tap off a small portion of the phase-modulated signal to seed a cascaded FWM process in an optical comb generator (OCG). The generated lightwaves bear a fixed integer phase relationship with the signal lightwave. By appropriately filtering, scaling, and re-combining one or more of these lightwaves with the original lightwave, we can cancel one or more distortion products and in [10] we demonstrated full cancellation of third-order distortion. In this paper, we extend our previous approach to show simultaneous third-order and fifth-order distortion cancellation. We believe this is the first demonstration of simultaneous thirdorder, fifth-order, and all even-order distortion cancellation in either an intensity or phase modulated microwave photonic link. This paper is organized as follows. We begin with an overview of existing link linearization methods. Next we describe our linearization approach with a focus on the changes required for the additional distortion elimination performed here. Then we present the results of the experiments and compare it to the theoretically expected values. Finally, we discuss the tradeoffs and complications that arise from this linearization method and their possible mitigation.
II. RELATED WORK
In any link, noise limits the minimum detectable signal and distortion limits the maximum transmittable signal. Together these form the limits of the dynamic range. Thus, to improve the SFDR, either the noise must be reduced and/or distortion must be eliminated.
A. Noise
Noise is a deep topic and a full discussion is beyond the scope of this paper. Here we touch on the major concepts and provide references for the interested reader. Noise enters a link via thermal noise, shot noise, relative intensity noise (RIN), amplifier noise, and phase noise. Here, we ignore amplifier noise and discuss phase noise in Section IV. Thermal noise is produced in the resistive parts of the link by the random, temperature-induced motion of electrons and holes and is independent of current in the photodetector [11, 12] . Shot noise is caused by current fluctuation in the photodetector due to the quantum nature of electrons and is directly proportional to the photodetector current [13, 14] . RIN is caused by the spontaneous emission of photons by the laser and is proportional to the square of the photodetector current. As points of reference, for photocurrents under 1 mA, thermal noise typically dominates, for photocurrents above 100 mA, RIN typically dominates, and for photocurrents in between these values, links typically operate in the shot noise limited regime [15] [16] [17] .
B. Noise Reduction Methods
The noise floor is determined by the gain and noise figure of the link [18] . The simplest method of increasing gain and reducing noise figure is to choose a low V π modulator and a high current photodetector and maximize the optical power while remaining in shot noise limited regime [19, 20] . Due to other constraints, however, we may be limited in the components we can choose and thus require other methods of noise reduction. In [21] the authors compare the effects of balanced detection and low biasing on noise figure using a low V π modulator, high power photodiodes, and high power low RIN laser source. Balanced detection cancels RIN as long as the two arms are of equal length. Low biasing the modulator reduces the optical power and therefore both the shot noise and the RIN faster than the slope efficiency, thus increasing the signal to noise ratio (SNR). However, lowering the shot noise to below the thermal noise degrades the performance, so there is an optimum bias point for maximizing SNR [22] . In [23] both low biasing and carrier suppression via delay line optical filtering are explored. By using a balanced modulation and detection scheme in [24] , the authors show that the noise currents for the architecture is substantially lower than traditional IMDD. A brief summary of some additional methods is provided in [25] .
C. Distortion
Distortion typically enters a link via the nonlinear transfer function of the interferometric components. The transfer functions (input voltage to output voltage) for both the IMDD and ΦMID links (MZM and a-MZI) are sinusoidal. When biased at the inflection point (quadrature), all even-order distortions cancel but all odd-order distortions remain. In sub-octave links, third-order distortion is the primary limitation of SFDR. In addition to limiting SFDR, odd-order distortions cause cross-talk among adjacent channels in, for example, a subcarrier multiplexed system and thus it is desirable to eliminate them.
D. Distortion Elimination Methods
There are four classes of linearization methods: analog electronic (predistortion, postdistortion, feedback or feedforward) [26] [27] [28] [29] , digital signal processing (DSP) [30] [31] [32] [33] , electro-optic [34] [35] [36] [37] [38] [39] [40] [41] [42] , and all-optical [10] . The analog electronic methods either utilize some prior knowledge about the transfer function to adjust the input or output signal or dynamically create an error signal between the input signal and the output signal that is used to adjust one of the two. This is a costly and complex solution that requires electronics that can be bandwidth limiting. The second class involves digitizing the output and using DSP to correct it. This also requires additional electronics and is inherently bandwidth limited due to the need to directly sample the distorted signals at high rates.
The electro-optic class of linearization methods involves using two or more electro-optic modulators in series or parallel, driven at different modulation depths, to produce different levels of nonlinearity such that when combined, distortion products cancel but the signal remains. This is not only environmentally sensitive, but also hardware inefficient as it requires one additional modulator for each additional distortion product cancellation and is thus limited in the amount of practically achievable linearization orders. Of these methods only [39] , [40] , [41] , and [42] apply to phase-modulated links. In [39, 42] , the anisotropy of lithium niobate is exploited to modulate two orthogonally polarized fields to different depths, effectively creating parallel modulators to cancel third order distortion. In [40, 41] , two actual parallel a-MZIs are used to accomplish the same thing. All three of these methods are the ΦMID analogue of using two parallel MZMs to linearize an IMDD link as in [35] .
In the all-optical class of linearization methods, nonlinearities are cancelled optically using nonlinear optical signal processing [10, [43] [44] [45] . In the architecture described in [10] , a combination of a small part of the original signal and a pump lightwave are amplified and sent into an OCG, where a cascaded FWM process produces multiple lightwaves at equal frequency spacing around the signal and pump lightwaves. Each lightwave bears a fixed integer multiple phase relationship with the original signal's temporal phase and when filtered, scaled, and combined with the original signal, can cancel one distortion product (see Fig. 1 ). The advantages are multifold. Firstly, additional lightwaves can be added with no increase in hardware complexity, so it is possible to linearize many orders of distortion in the link as demonstrated here. Secondly, as long as the filter is dynamically reconfigurable, distortion products can be added or removed at will (perhaps for testing) and the link can be continuously tuned or optimized. Thirdly, all-optical processing is inherently widebandwidth and will not limit the operating bandwidth of the link. Lastly, because the linearization is accomplished completely optically, it is straightforward to incorporate additional optical signal processing functionalities within the linearized link.
III. EXPERIMENT
The experimental investigation presented here has three parts. In the first part, the conventional (unlinearized) ΦMID link is constructed and tested. For the second and third parts, the receiver portion is modified to introduce a branch where the optical nonlinearity is created. In the second part, only the third-order distortion product is eliminated and in the third part, both the third-order and fifth-order distortion products are simultaneously eliminated. For each of the three link realizations, the links are characterized with the four performance metrics: gain, bandwidth, noise figure, and SFDR. Aside from bandwidth, all the performance metrics are impacted to varying degrees. Specifically, gain is degraded by approximately 0.4 dB for each of the two eliminated distortion products and despite noise figure degradation with each additional term, SFDR is improved.
Gain is measured via an S21 measurement from 300 KHz to 20 GHz with a calibrated electronic network analyzer (ENA). Noise power is measured with a 50-Ohm termination at the input port of the phase modulator and an RF amplifier at the output to raise the link noise above the electronic spectrum analyzer noise floor. This data combined with the gain data allows us to calculate the noise figure for each of the three link realizations. To measure dynamic range, we perform a two-tone test, choosing the two tones close to the first peak of the a-MZI response. The first tone is injected by the ENA at 1.275 GHz and swept from -15 to 10 dBm. The second tone is injected by a signal generator at a constant power of 5 dBm. Both tones are sent through a low-pass filter to prevent any possible distortion terms generated by the test equipment from entering and skewing the distortion measurements of the link. These tones are combined and injected into the phase modulator input port. The second-order distortion products are minimized at 11 MHz and 2.561 GHz and the intermodulation distortion products are present at 1.264 GHz and 1.297 GHz. The retrieved data is mathematically corrected to reflect the fact that only one of the tones is swept in power.
A. Conventional Unlinearized Link
As shown in Fig. 2 , the conventional link consists of a 50 mW low noise Orbits laser operating at 1546.52 nm, a 40-GHz 3.8-V V π EOSpace phase modulator, an a-MZI with a 375-ps path length difference that produces periodic nulls every 2.67 GHz, and a balanced pair of Discovery Semiconductor DSC720s that each have a 20-GHz bandwidth and a responsivity of 0.75 A/W. The a-MZI has voltage controlled temperature stabilization. By observing the current balance on the photodetectors when second-order distortion is minimized, the voltage applied to the a-MZI can be programmatically controlled via a feedback loop to maintain this current balance, effectively holding the a-MZI at quadrature.
For the investigation of the conventional unlinearized link, the photocurrent is maintained at 1.08 mA on each photodiode. The peak gain at 1.29 GHz is −15.5 dB (see Fig. 3 ) and the noise figure was 24.2 dB. These values are within less than 0.5 dB of the theoretically predicted values of -15 dB and 24.4 dB, respectively for this photocurrent and V π [8] . The slope of the distortion at 1.264 and 1.297 GHz is three, indicating that third-order distortion is dominant. The SFDR is measured to be 108.8 dB in a 1-Hz bandwidth (see Fig. 4 ), also close to the theoretically predicted value of 109.5 dB.
B. Third-Order Distortion Free Link
To begin linearizing the link, we add the lower branch to the receiver (see Fig. 5 ). That is, we include a splitter and a combiner prior to the a-MZI. This splits off 30% of the original phase modulated signal, which along with a pump lightwave produced by an NKT laser at a 0.4-nm offset wavelength (1546.92 nm), is amplified and seeds a cascaded four-wave mixing process in the OCG. The EDFA operates at 1.6 W and the OCG consists of three fiber spools. The first spool contains 100-m of highly nonlinear fiber (HNLF) with tension applied in a staircase pattern with ten steps to mitigate stimulated Brillouin scattering [46] . The second spool contains 400 m of standard single mode fiber. The third spool contains 160 m of HNLF, also tensioned in a staircase pattern with ten steps. The comb produced by the OCG consists of the original tapped off signal, the pump, and the idlers spaced at equal frequency intervals from the signal and pump (see Fig. 6 ). The phases on the generated idlers are integer multiples of the phase on the original signal. This frequency comb is then sent to a dynamically programmable spectral filter with adjustable attenuation (Finisar Waveshaper). The lightwave with −3φ(t) modulation at 1548.12 nm is filtered and appropriately attenuated then output. This distortion correction lightwave combines with the original lightwave from the upper branch such that the third-order distortion product is fully eliminated from the link. The extinction ratio of the Waveshaper is 50 dB and the pumps in the linearization branch are attenuated to this degree and are thus suppressed so as to not be a significant source of noise.
The long interferometer between the original lightwave (upper branch) and the distortion correction lightwave (lower branch) is path-matched to microwave wavelengths in order to avoid any bandwidth-limiting interference. This is accomplished by taking a group delay measurement for each path and ensuring they are equal by adjusting the length of standard single-mode optical fiber in the upper branch. The path match is then precisely set using a manually adjusted tunable optical delay. In practice, this delay setting is stable over the course of our measurements and is not actively adjusted.
The total photocurrent present on each photodiode is maintained at 1.18 mA, of which 1.12 mA was from the original phase-modulated lightwave (upper branch) and 0.06 mA was from the −3φ(t) lightwave (lower branch). This means the −3φ(t) term is 12.7 dB lower than the original lightwave. By theory we would expect it to be 14.3 dB lower [10] . The discrepancy can likely be attributed to compensation for other sources of third-order distortion in the link, such as the photodiodes. As shown in Fig. 7 , the measured slope of the intermodulation distortion at 1.264 and 1.297 GHz was five, indicating full-cancellation of third-order distortion and the dominance of fifth-order distortion. The gain is reduced by 0.4 dB relative to the convention unlinearized link to -15.9 dB, where theoretically we would expect the gain to be reduced by 0.5 dB [10] . Finally, we measure an increase in noise figure to 38.7 dB resulting in an SFDR of 116.1 dB in a 1-Hz bandwidth.
C. Third-Order and Fifth-Order Distortion Free Link
To continue linearizing the link, no change to the link setup is required relative to the third-order distortion free link described above. Simply by adjusting the settings of the Waveshaper in software, we can create a more complex filter function that allows both the −3φ(t) and the +5φ(t) lightwaves at 1548.12 nm and 1544.92 nm, respectively, to pass. Each of these is independently attenuated and then combined with the original lightwave to simultaneously eliminate both third-order and fifth-order distortion from the link.
For this final realization, the total photocurrent present on each photodiode is maintained at 1.20 mA, of which 1.10 mA was from the original lightwave, 0.088 mA was from the −3φ(t) lightwave, and 0.010 mA was from the +5φ(t) lightwave. Thus the −3φ(t) term is 11-dB lower than the original lightwave and the +5φ(t) term is 20.4-dB lower than the 12.6-dB and 24-dB lower, respectively [10] . Again, the slight discrepancies can be attributed to compensation for other sources of distortion in the link. As shown in Fig. 8 , the slope of the intermodulation distortion at 1.264 and 1.297 GHz was seven, indicating simultaneous cancellation of both third and fifth-order distortions and the dominance of seventh-order distortion. The gain is reduced by 0.8 dB relative to the conventional unlinearized link to -16.3 dB, where theoretically we would expect the gain to be reduced by 0.7 dB [10] . The noise figure increases to 45 dB resulting in an SFDR of 116.9 dB in a 1-Hz bandwidth (see Fig. 8 ).
IV. DISCUSSION
In this section we discuss the results in further detail, paying special attention to the bandwidth limitations of this approach and the noise figure of the demonstrated links.
Beyond the bandwidths of the modulator, photodetector, and a-MZI, the system's bandwidth is ultimately limited by the spacing between the comb lines. Specifically, the comb line spacing must be greater than the optical bandwidth for each lightwave including the potentially larger optical bandwidth of the higherorder idlers resulting from their greater phase deflection. To increase the maximum link bandwidth, the comb line spacing can be adjusted by choosing a larger wavelength separation between the two lasers. However, this will reduce the number of comb lines available for linearization due to the spectral limitations of the Waveshaper and the gain-bandwidth of the FWM process.
While the greater phase deflection of the higher-order idlers produces a larger optical bandwidth and a higher magnitude RF signal, the RF bandwidth remains unchanged. After reception with the a-MZI, distortions arising from intermodulation products that are out-of-band do not matter. Therefore, as long as the a-MZI has sufficient bandwidth to pass the original signal, it will be able to pass the linearized signal formed from the sum of the original and correction signals.
Note that though the SFDR improves with greater number of distortion orders cancelled, we observe diminishing returns at a higher rate than predicted due to the significant increase in noise figure with each added linearization term (see Fig. 9 ). Specifically, we measure an SFDR of 116.9 dB in a 1-Hz bandwidth for the third-order and fifth-order distortion free link, however the observed linearization would allow for an SFDR of 134.8 dB in a 1-Hz bandwidth if the link was shot-noise limited.
There are three reasons for the dramatic increase in noise figure despite the relatively small amount of photocurrent attributable to the added linearization terms. Firstly, the second pump laser that seeds the cascaded FWM process unfortunately has much higher phase noise than the signal laser due to our laser availability (see Fig. 10 ). Secondly, this pump laser is not phase locked to the signal laser [47] . Thirdly, the nonlinear cascaded FWM process amplifies and convolves the phase noises of the two un-locked lasers, with the degree of phase noise amplification increasing with each additional term [47] .
These sources of noise degradation immediately suggest two future methods of phase noise mitigation, namely, using a low phase noise laser for the pump and/or phase locking it to the signal laser. Theoretically, phase locking the two lasers should subtract their phase noise and the noise figure increase should be minimal regardless of the number of additional terms included [47] . The phase locking can be achieved by sending a pilot tone from the signal laser with, for example, a tap-off prior to the phase modulation. This would be relatively straightforward for small systems, where there is little physical separation between the transmitter and receiver, such as those involved with signal processing applications. Though not as simple, it could also be accomplished for longer haul systems such as antenna remoting. There is no reason this cannot be done other than limitations of available equipment. Thus, as an exercise, it is instructive to predict the achievable SFDR for the scenario in which the noise figure is not impacted by the added linearization terms (see Fig. 11 for a comparison of SFDRs for each of the links with the measured noise figures). In the case of eliminating third-order distortion, the achievable SFDR would be 127.7 dB instead of 116.1 dB in a 1-Hz bandwidth, an improvement of 11.6 dB over our experimental results or a 19.7-dB total SFDR improvement between the conventional and third-order linearized case. In the case of eliminating both the third-order and fifth-order distortions, the achievable SFDR would be 134.8 dB instead of 116.9 dB in a1-Hz bandwidth, an improvement of 17.9 dB over our experimental results or a 26.8-dB total SFDR improvement between the conventional and the simultaneous third-order and fifth-order linearized case. Indeed, these are impressive SFDRs for such low photocurrents and we hope to experimentally reach these limits in future work through the noise mitigation approaches outlined above.
V. CONCLUSION
In this paper, we have constructed and tested three links: a conventional unlinearized ΦMID link, a third-order distortion free ΦMID link, and a simultaneous third-order and fifth-order distortion free ΦMID link. We experimentally measure the gain, bandwidth, noise figure, and SFDR for each link and compare to the theoretical values. We observe a minimal degradation (0.4 dB) in gain for each added linearization term that closely matches to the theoretically predicted values. We experimentally achieve SFDRs of 108.8 dB, 116.1 dB, and 116.9 dB each in a 1-Hz bandwidth for the conventional, third-order distortion free link, and the third-order and fifth-order distortion free link, respectively for approximately 1-mA of current in each photodiode. This is an improvement over the conventional link of 7.3 and 8.1 dB, respectively. To the best of our knowledge, this is the first demonstration of a simultaneous third-order, fifth-order, and all even-order distortion free link in either an intensity or phase modulated architecture. We observe a significant increase in noise figure, attributable in part to the choice of pump laser and lack of phase locking between the lasers, which prevents the realization of the fullest possible improvement in SFDR from the observed degree of linearization. We hope to improve upon these links in the future by implementing noise bandwidth and high power front-end electrical gain systems. In the former case, integration of a high noise level over a mitigation techniques. However, despite the observed noise figure degradation, these links can find application in narrow small bandwidth will still yield a low noise floor. In the latter case, front-end amplification will reduce the impact of the link noise figure to the overall system noise figure.
